This pilot study enrolled 20 children between the ages of 11 and 17 months in Imperial County, California to assess children's pesticide exposure and residential proximity to agricultural fields. We compared parental self -report of residential proximity to agricultural fields to measurements using global positioning system / geographical information system ( GPS / GIS ) technology, and we assessed the relationship between residential proximity to agricultural fields and a biomarker of organophosphate ( OP ) pesticide exposure. Questionnaires were administered twice, 4 weeks apart, to determine self -reported residential proximity to agricultural fields. Urine samples were collected at each contact to measure OP metabolites. Actual residential proximity to the closest agricultural field and number of fields was within 1 mile to the west were measured using GPS / GIS. Self -report of living proximity to agricultural fields agreed with GPS / GIS measurement 75% of the time during the initial interview, compared to 66% agreement during the second interview. Presence of urinary metabolites suggests that OP exposure was ubiquitous: creatinine -adjusted total urinary dimethyl values ranged from 1.60 to 516.00 g / g creatinine, and total diethyl ranged from 2.70 to 134.84 g / g creatinine. No association was found between urinary OP metabolites and residential to field proximity. These results suggest that initial self -report of living proximity to agricultural fields may be more accurate than follow -up self -report. Limitations in this pilot study prevent determination of whether self -report is an accurate measure of proximity.
Introduction
Young children are suspected to be uniquely sensitive to environmental contaminants; however, very little is known about the magnitude of pesticide exposure among toddlers. Toddlers may be at risk of exposure to higher doses of pesticides than adults because of their anatomical and behavioral characteristics. Toddlers have a larger skin surface area to body weight ratio than adults; they also have greater contact with potentially contaminated soil and dust because of floor play, crawling, and hand -to -mouth activities (Lewis, 1989; National Research Council, 1993; Lewis et al., 1994) . Toddlers tend to spend most of the day indoors, where concentrations of pesticide residues may be greater than outdoors. It has been documented that once introduced, pesticide residues persist indoors in carpets, polyurethane foam, and house dust ( Camann et al., 1993 ) .
The increased exposure to pesticides among children is compounded by their increased susceptibility to health effects. Previous studies suggest that juveniles may be at higher risk of having adverse health effects from pesticide exposure because of rapid maturation of organs and functional systems, such as the neurologic and immunologic systems (Hermanowitz and Kossman, 1984; Thomas and House, 1989; Flipo et al., 1992; Thrasher et al., 1993; Rodgers, 1995; Acquavella et al., 1998 ) .
Studies have shown that children who live in agricultural areas or near agricultural fields are at increased risk for pesticide exposure and symptoms related to pesticide exposure ( Ames et al., 1993) . This finding is partially due to pesticide drift, which can occur up to 1000 m from its source of application (Frost and Ware, 1970; Chester and Ward, 1984; Cyass and Lake, 1977 ) . Two studies of children living in an agricultural region in Washington State found that households containing agricultural workers, particularly those who apply organophosphates (OPs ), demonstrated higher levels of OPs in household dust and soil. Children in these families had higher OP urinary metabolites than other children. In addition, homes within 1 /4 mile of orchards in that region exhibited higher OP concentrations in household dust. Younger children (ages 3 -4 ) were found to exhibit higher levels of OP urinary metabolites than older children ( ages 5-6) ( Simcox et al., 1995; Loewenherz et al., 1997 ) .
These previous studies determined residential proximity to agricultural fields by parental self -report. Our study refines this measurement by determining residential proximity using a global positioning system (GPS ) receiver and geographical information system ( GIS ) software. Our study examined a younger age group than has been studied previously: children 11 -17 months of age. Our goal was to determine urinary OP metabolite levels in toddlers, to quantify residential proximity to agricultural fields through use of GPS and GIS technology, and to compare the accuracy of self -reported proximity among repeated interviews and to GPS -measured residential proximity.
Methods

Study Design
This work was a component of a pilot study of a cohort of children living in Imperial County, California during early 2000. We piloted methods to examine children's pesticide exposure and immune responses to vaccination. This paper will report selected data including those derived from: an initial questionnaire designed to measure sources of potential pesticide exposures, a follow -up questionnaire 4 weeks later, urine collection at each contact, and measurement of home location and field proximity using GPS / GIS technology.
Study Site
Imperial County's largest employer is the agricultural industry and a variety of crops are grown year-round. Of the 10 most commonly used OPs in the county, approximately 525,485 lb (active ingredient ) was applied in 2000 ( Annual Pesticide Use Report, 2000 ) ( Table 1) . Seven of these most commonly used OPs metabolize into dimethyl and diethyl metabolites, and accounted for 402,123 lb ( 76% ) of total OP use in the county in 2000. County residents may experience an increased risk of pesticide exposure compared to the general US population due to aerial spraying and substantial movement of contaminated soil from cultivated fields throughout towns as a result of wind erosion.
Recruitment
Children aged 12 -18 months were recruited during wellchild visits at a convenience sample of clinics throughout Imperial County. During the 3-week recruitment period, parents of all children within this age range and due for their first measles -mumps-rubella (MMR ) vaccine were approached to determine interest and screen for study participation. Exclusion criteria included history of measles infection, organ transplantation, immunosuppression, or contact hypersensitivity to urine collection bags. Because a large proportion of the population speaks Spanish, questionnaires and informed consent forms were available in English and Spanish. Trained bilingual interviewers read consent forms and administered questionnaires in the parent's preferred language. Parents were provided financial compensation for the participation of their children and parents were provided pesticide education booklets in English or Spanish ( EPA publication #730 -K -95 -0001, 1995; Gempler's English /Spanish translation of USEPA, 1994 ). We obtained informed consent from parents following procedures approved by the Institutional Review Boards of the University of North Carolina School of Medicine ( UNC -SOM ).
Interviews
Bilingual interviewers were recruited from the local communities and trained to administer the questionnaires. The initial questionnaire was administered during contact with subjects at the clinic where they were recruited. Parents were asked about the family's occupational pesticide exposure, the child's and family's health histories, pesticide usage, proximity to agricultural fields, location of residence, source of drinking water, history of smoking within the household, and demographic characteristics. Self -report of residential proximity to an agricultural field was ascertained by asking parents if they lived ''about 1 /2 mile or less from a field where crops are grown'' ( ¿Está su casa localizada aproximadamente a media milla o menos de un terreno de cultivo? ).
A follow -up questionnaire was administered 4 weeks later during a home visit by the trained interviewers. Follow -up at 4 weeks was done because a component of the pilot study analyzed immunological response to MMR vaccination, which occurs within 4 weeks of vaccination. This questionnaire updated the family's occupational pesticide exposure, the child's and family's health histories, and recent pesticide usage.
Global Positioning System ( GPS ) GPS measurements were taken using the March -II GPS receiver (Corvallis Microtechnology Inc., Corvallis, Oregon ). A three -dimensional position fix and a positional dilution of precision ( PDOP ) of three or less were criteria for collecting acceptable positional data of home locations.
During home visits, measurement of the home location was taken as a single point at a distance from the home roughly equivalent to half of the home's height, to avoid overhanging obstructions and to prevent erroneous or multi -path signals. A correctional factor was not applied. For subjects who lived in apartments, measurements were taken in the closest open area to the apartment unit front door that was not obstructed by the walls of the apartment complex or by trees.
To determine proximity to agricultural fields, subjects' homes were first located on a geocoded CD -ROM 1:24K coverage map of Imperial County, California (Sure!Maps, San Diego, California ) using ArcView GIS 3.2 (Environmental Systems Research Institute, Redlands, California ). Home locations were plotted on a current road map of Imperial County, California ( Imperial California's Valley, 1997 ). Next, a 1-mile radius was identified and the field team drove in all cardinal directions ( north, south, east, and west) to identify the closest fields to each residence that fell within the 1 -mile radius. Only the field closest to the residence in each direction was recorded. Field locations were measured as static areas of at least four points when possible. If obstructions prevented the measurement of agricultural fields at their borders, offset measurements were taken using a laser range finder and compass to determine the distance to the field point and the azimuth.
Geographical Information System ( GIS )
GPS measurements of homes and agricultural fields were downloaded into PC -GPS 3.6d2 software (Corvallis Microtechnology Inc. ). Differential correction was achieved using CORS data files from the National Geodetic Survey website (http:// www.ngs.noaa.gov /CORS /Data.html) to obtain accuracy of measurement within 1 -5 m. PC -GPS 3.6d2 software was used to determine home proximity to agricultural fields. Linear distances were measured from the point representing the home to the closest point of each agricultural field. Variables created from the GIS database included closest field; circumferential number of fields within 1 mile, 1 /2 mile, and 1/4 mile; within 1 mile, 1/2 mile, and 1 /4 mile. Wind direction data were not collected.
Biologic Specimen Collection
Because no toddlers were toilet -trained, urine was collected with adhesive urine collection bags (Hollister U -Bag, Libertyville, Illinois). To increase the likelihood that urine would be obtained, study subjects were offered a beverage while the questionnaire was administered to the parent. A minimum of 5 ml of urine was collected, refrigerated, and then frozen at the end of each day to 08C. Several urine samples were split immediately after collection to create duplicate samples for analysis. Batches of urine were placed in shipping containers on blue ice, and sent by overnight delivery to the Division of Laboratories, National Center for Environmental Health, Centers for Disease Control and Prevention in Atlanta, Georgia for analysis of urinary creatinine and dialkylphosphate metabolites of OP pesticides.
Dialkylphosphate Metabolite Analysis
Analysis of urine was limited to the dialkylphosphate metabolites of OP pesticides and included diethyl and dimethyl moieties: dimethylphosphate, dimethylthiophosphate (DMTP), dimethyldithiophosphate, diethylphosphate, diethylthiophosphate, and diethyldithiophosphate. These dialkylphosphate metabolite concentrations in the urine samples were determined using a mass spectrometry -based method ( Bravo et al., 2002 ) . Briefly, a 4-ml aliquot of urine was spiked with stable isotope labeled analogs of the dialkylphosphate metabolites. The urine samples were codistilled with acetonitrile to dryness and reconstituted in neat acetonitrile. The dialkylphosphates were converted to Table 2 . Number and percentage of families that live within 1 / 2 mile of a field where crops are grown according to parental self -report and GPS / GIS measurement. their respective chloropropyl esters by a phase transfer derivatization with chloroiodopropane and potassium bicarbonate. The reaction mixture was concentrated to approximately 50 l. Two microliters of the concentrated extract was analyzed using isotope dilution gas chromatography -tandem mass spectrometry with a multiple reaction monitoring experiment designed to analyze product ions of the pseudomolecular ions ( [M +H ] + ) of the derivatized analytes with Cl 35 for quantification, and Cl 37 for confirmation. The resultant data were quantified using an internal standard calibration line. Individual diethyl and dimethyl metabolite concentrations were reported by the laboratory to the limit of detection ( LOD ). An adjusted metabolite concentration based on urine creatinine was also reported. The creatinine-adjusted dialkylphosphate metabolite concentrations were used in the statistical analyses. Creatinine -adjusted OP concentrations for samples with unadjusted OP concentrations below the LOD were treated during data analysis as if their value was zero.
Creatinine Analysis Urinary creatinine concentrations were determined using the established diagnostic enzymatic method available on Vitros CREA slides ( Ortho Clinical Diagnostics, Raritan, NJ ) (manuscript in preparation).
Statistical Analysis
Self -reported residential proximity to the closest agricultural fields was recorded at each contact with the subject's family. These reports were compared to objective GPS / GIS measurement and tested using the kappa statistic.
Urinary OP metabolite analysis yielded six diethyl and dimethyl urinary OP metabolites; these metabolites were treated as two variables. The three dimethyl metabolite levels determined during analysis of each individual urine sample were summed to create one dimethyl value for that sample ( total dimethyl ). Similarly, the three diethyl metabolite levels were summed to create one diethyl value (total diethyl). Median total dimethyl values and median total diethyl values were compared for categories of residents who lived 1/ 4 mile or less, and for those living farther than 1 /4 mile by GPS; for those who lived 1/2 mile or less, and those living farther than 1/ 2 mile by GPS. Total number of fields circumferentially around each residence were also examined as risk factors for higher total diethyl and total dimethyl urinary metabolite concentrations. Because urinary metabolite concentrations were skewed to the right and the sample size was small and non -random, the MannWhitney U test was used to detect differences in median total diethyl and total dimethyl metabolite concentrations between groups. The test was considered significantly different from the null hypothesis at the a= 0.05 level.
Results
Fifty -seven potential participants were approached to participate in the study; of these, 26 ( 46% ) were eligible Table 4 . Dialkylphosphate ( g / l ) levels and creatinine -adjusted dialkylphosphate levels ( micrograms per gram creatinine ) in urine samples from initial sample collection and follow -up sample collection 4 weeks later.
Urine sample from initial visit
Urine sample from follow -up visit 4 weeks later to participate. Twenty ( 77% ) of eligible children were successfully enrolled. For the 20 children enrolled in the study, 20 initial questionnaires and 18 (90% ) follow -up questionnaires were administered 4 weeks later; two families were lost to follow -up. The mean age of participating children was 13.4 months ( range: 11.8-16.5 months ). Fourteen participants were male (70% ) and six were female ( 30% ). Eighteen children ( 90% ) were classified as Hispanic and two ( 10% ) as nonHispanic, White by parental report. Eighteen ( 90% ) of the participating parents preferred materials in Spanish.
Self -Reported Residential Proximity and GPS /GIS Measurement
During administration of the initial and follow -up questionnaires, parents were asked if they lived within 1 /2 mile or less from a field where crops were grown (Table 2) . Thirteen parents initially stated that they lived within 1 /2 mile of an agricultural field. Upon follow -up, 14 parents stated that they lived within 1 /2 mile of such a field. In actuality, 14 families lived within 1/ 2 mile of a field. Table 3 shows that the initial parental report was more likely to agree (75% agreement) with actual residential proximity than the parental report at follow -up (67% agreement ). The kappa statistic for the initial interview was 0.43 (Good agreement; P= 0.052 ) and the kappa statistic for the follow -up interview was 0.18 (Poor agreement; P= 0.423 ). One person who correctly reported living within 1 /2 mile of a field was lost to follow -up ( lived 0.41 miles from the closest field). One person who incorrectly reported living farther than 1/2 mile from a field was lost to follow -up ( lived 0.37 miles from the closest field ). Two people, who correctly reported living farther than 1 /2 mile from a field at the initial interview, incorrectly reported that they lived within 1 /2 mile at the follow -up interview (they lived 0.56 and 0.58 miles from the closest field ). All participants lived within 3 /4 mile of the closest agricultural field.
Residential Proximity and Urinary Dialkylphosphate Concentrations
Initial urine samples were collected from 15 children (75% ). Of these, 14 ( 70% ) had sufficient volume for analysis of creatinine concentration. Of the 18 children who participated in the follow -up urine collection 4 weeks later, one sample had insufficient volume for analysis. Therefore, 17 of the 18 follow -up samples ( 94% ) were analyzed.
Total unadjusted and creatinine-adjusted urinary OP metabolite concentrations are displayed in Table 4 . Results of urinary analysis were highly variable between Table 6 . Creatinine -adjusted diethylphosphate concentrations ( micrograms per gram creatinine ) in urine of children living within 1 / 4 mile or 1 / 2 mile of the closest agricultural field compared to those living farther than 1 / 4 mile or 1 / 2 mile from the closest agricultural field at initial visit and follow -up visit, using GPS / GIS measurements. During initial visit and follow -up visit, no statistically significant difference between median diethylphosphate levels was discovered among those living 1 / 4 mile compared to >1 / 4 mile or those living 1 / 2 mile compared to >1 / 2 mile. During initial visit and follow -up visit, no statistically significant difference between median dimethylphosphate levels was discovered among those living 1 / 4 mile compared to >1 / 4 mile or those living 1 / 2 mile compared to >1 / 2 mile.
creatinine -adjusted samples and their duplicates; duplicate creatinine -adjusted OP metabolite levels ranged from 27% less than the originals to 83% greater than the originals. Similar variability existed with unadjusted OP metabolite levels.
No statistically significant differences were found in unadjusted or creatinine -adjusted median urinary dialkylphosphate concentrations of children living within 1 /4 mile or 1/2 mile of the closest agricultural field when compared to the creatinine -adjusted median urinary dialkylphosphate concentrations of those living farther than 1 /4 or 1 /2 mile from the closest field, respectively (Tables 5 and 6 ). Analyses were performed to determine if parental occupation, household pesticide use, or living near multiple fields, was associated with unadjusted or creatinine-adjusted median urinary dialkylphosphate concentrations; no statistically significant differences were found (data not shown).
Discussion
This pilot study builds on the growing body of knowledge of pesticide exposures in children by using GPS / GIS technology to measure living proximity to agricultural fields more accurately. In addition to describing urinary OP metabolites in relation to residential proximity to agricultural fields, this study also explored the potential impact of living near multiple fields, and living near fields in the direction of prevailing winds. This study also focused on residential field proximity and urinary OP metabolites in toddlers less than 2 years of age.
In interpreting the findings from this study, it is important to note several study limitations. Self -report of residential proximity to an agricultural field was ascertained by asking parents if they lived ''about 1/ 2 mile or less from a field where crops are grown.'' This phrasing may have limited the value of the kappa statistic results because parents may not have been concerned with precisely reporting whether they lived within 1 /2 mile of an agricultural field.
This pilot study used volunteers who were recruited from a convenience sample of clinics. Volunteers may have represented a subpopulation of residents with exposures that somehow differed from others in the community. The small sample size limited the power to detect significant associations. Urinary OP metabolite concentrations seen in this subgroup of children cannot be assumed to represent pesticide exposure in children of this age group in the general U.S. population.
This study evaluated residential proximity to agricultural fields as the primary exposure related to urinary OP metabolite concentrations; however, many potentially important exposure routes were not evaluated. Such exposures include information about dietary intake, pesticide concentrations in household dust, pesticide use on individual agricultural fields, time spent outdoors, pesticide exposure at locations other than the home, guardian occupation, and characterization of pesticides used at home. Dates on which pesticides were applied were not incorporated to determine if urinary metabolite levels could be explained by individual application events of OP pesticides in the previous 48 h (the time period during which OP metabolites can be detected in the urine after exposure ) ( Reigart, 1999 ) . Exposure from individual fields may have varied due to the presence or absence of obstructions (buildings, vegetation ) that were not accounted for in this study. In addition, only the closest field in each direction was recorded. Subjects with multiple fields end-on-end in one direction from their homes only had the closest field incorporated into the GIS database; they may have experienced additive pesticide exposure from fields that were not measured in this study.
Urinary OP metabolites in our study exhibited great variability between original samples and their duplicates. Given that urine samples were split at the time of collection, this variability is unexpected. It is unknown if techniques related to sample division may have contributed to this variability, or if age -related factors may complicate the use of this assay in toddlers.
Finally, this study only looked at exposure to OPs that produce diethyl and dimethyl metabolites. Other OPs with side chains on the phosphate moiety produce different metabolites. Exposure to 3 of the 10 most commonly used OPs in Imperial County during 1998 produced side chains that were not analyzed in this study. Therefore, exposure to these pesticides could not be ascertained through the use of urinary dialkylphosphate metabolite concentrations.
Residential Proximity and Dialkylphosphate Metabolite Concentration Despite these limitations, this study contributes important methods and findings to the evaluation of pesticide exposures in children. Earlier studies that evaluated the association between residential proximity to agricultural fields and urinary OP metabolite levels used parental selfreport to determine residential proximity (Simcox et al., 1995; Loewenherz et al., 1997 ) . This study sought to determine how well parental self -report of residential proximity to agricultural fields agrees with objective measurement of proximity using GPS /GIS. The initial responses by parents agreed by 43% more than chance alone, representing good agreement, while the follow -up responses agreed by 18% more than chance, representing poor agreement (Woodward, 1999) . Accuracy of responses may have been affected by line of site visibility of agricultural fields, variations in terrain, or object shadowing that affect distance perception (Sinai et al., 1998; Allen, 1999 ) ; behavioral or work -related factors that would result in some parents having greater familiarity with residential proximity to agricultural fields; individual differences in ability to judge distances; or other unmeasured factors. In addition, parents who changed responses may have been alerted to the presence of agricultural fields near their homes by the initial questionnaire. Both parents who changed their responses lived only a little farther than 1/ 2 mile from the closest agricultural field. Our results suggest that the initial responses to the question of residential proximity to agricultural fields may be more accurate than responses to the same question asked again at a later date. As expected, GPS /GIS measurement of field proximity was more accurate than self -report. Future studies of self -reported residence to field proximity may benefit from precise phrasing of the question, and may include selection of subjects to represent greater spatial variability.
The presence of urinary metabolites of OP pesticides was ubiquitous in this study population. It was expected that children living closer to agricultural fields would have higher urinary OP metabolite concentrations than children living farther away. Simcox et al. (1995 ) previously found that agricultural families living closer to orchards were exposed to higher indoor concentrations of pesticides in dust compared to families living farther away from orchards. Similarly, Loewenherz et al. ( 1997 ) found that children of pesticide applicators living closer to orchards had higher urinary concentrations of OP pesticides than children of pesticide applicators who lived farther from orchards. Our study failed to demonstrate higher levels of urinary OP metabolites among children living closer to fields, near more fields, or living downwind of agricultural fields. This might be explained by our comparison of children living less than or greater than 1/ 4 mile or 1/ 2 mile from the closest field, while the previous studies used 200 ft as the cutoff point. This could also be a result of the small sample size and variability of urinary metabolite concentrations. In addition, our study used indirect measures of exposure. Spraying activity on agricultural fields varies among different fields and throughout the year; therefore, the contribution of sprayed pesticides to urinary metabolite levels may have varied among study participants. Future full -scale studies might examine the influence of living in close proximity to multiple agricultural fields. Such studies should include factors such as wind direction data and data on OP pesticide usage on agricultural fields to evaluate the effects of these variables on pesticide exposure.
In comparison to children of pesticide applicators reported by Loewenherz et al. (1997 ) , children in our study had lower unadjusted and creatinine -adjusted concentrations of the OP metabolite DMTP. However, the results from our study closely mirrored the reference children in the study of Loewenherz et al. The mean and median unadjusted DMTP levels for reference children in the study of Loewenherz et al. were 0.018 and 0.000 g /ml, respectively, compared to the mean and median unadjusted DMTP levels within our study of 0.020 and 0.003 g/ml, respectively. Mean and median creatinine -adjusted DMTP levels for reference children in the study of Loewenherz et al. were 0.043 and 0.000 g /g creatinine, respectively; compared to 0.043 and 0.014 g/g creatinine, respectively, in our study.
In summary, this study examined the agreement between self -reported residential proximity to agricultural fields and objective measurement using GPS /GIS technology. Initial self -report of proximity was more accurate than follow -up report. As expected, GPS / GIS measurement was more accurate than self -report. However, the utility of selfreported proximity remains to be determined. In addition, this study evaluated the association between living within 1 /4 mile of an agricultural field, living within 1/ 2 mile of multiple fields, and living within 1/2 mile of fields in the direction from which the prevailing winds originate and resulting urinary OP metabolite concentrations. Results were highly variable. However, the methods and analyses that were used in this study give direction to future studies involving larger numbers of young children to characterize the risks of pesticide exposure from nearby agricultural fields.
